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ABSTRACT
Several c h a r a c te r is t ic s  of the in terac t ions  of heavy primary nuclei  
and fragments obtained in two emulsion stacks exposed to cosmic rad ia t ion  
near the top of the atmosphere are described. The energy per nucleon 
of the heavy nuclei was obtained by applying the Castagnoli formula to 
the composite angular d i s t r ib u t io n  of the p a r t ic le s  produced in the 
in te rac t ions  of the primary nucleus and the mult ip ly -charged fragments.
The mean energy per nucleon of th is  sample of  events was found to be 
4600 Gev. A lower l i m i t  of the percentage of events in which the charged
p a r t ic le s  are emitted asymmetrical ly in the center of mass system was
• 2
est imated to be 38 *  8 per cent. A X tes t  revealed that  the dev ia t ion
from symmetric emission is s t a t i s t i c a l l y  s ig n i f i c a n t .  A possible ex­
p lanat ion in terms of a mass d is p a r i ty  between the a c t u a l ly  c o l l id in g  
p a r t ic le s  was given. The mean energy of the produced charged p a r t ic le s  
in the center of mass system was found to be 1.0 ± 0 .3  Gev. I t  was found 
that  the center of  mass system angular d is t r ib u t io n  of charged p a r t ic le s  
produced in the singly-charged fragment in terac t ions  is of the type 
P(6)dft«t(sin 6) ^dft. The slope of the i t e g r a l  angular d is t r ib u t io n  of 
these tracks was determined to be 1.1 ± 0 .2 .  This re s u l t ,  together with  
the re su l t  for  the energy spectrum of such p a r t ic le s  determined in the 
ICEF experiment, gives a confirmation of  the assumption of constancy of  
mean transverse momentum. The mean transverse momentum of the s ing ly -  
charged fragments was found to be 0 .7  ± 0*2 Gev/c. This re su l t  may in d i ­
cate that  the fragments have somewhat higher mean transverse momentum than
the produced p a r t ic le s  whose mean transverse momentum has been established  
to be O.l* l  0 .1  Gev/c. I t  was found that on the average the Castagnoli  
energy underestimates the true energy by a fac to r  of  2 .2  + 0 .5  fo r  events 
having >  5 and overestimates the true energy by a factor  of 1.3 ± 0 .2  
for  events having <  5* The mean m u l t i p l i c i t y  of produced charged 
p a r t ic le s  in the singly-charged fragment in terac t ions  was found to be 
9 .0  ± I . 7  for events having = 0,1 and 14,4 * 2.1 for  events having
<  5- The value for = 0,1 events is the same as that  found by 
Lohrmann a t  250 Gev for nucleon-nucleon c o l l i s io n s .  The resu l t  for
<  5 events, together with  others at  lower energies, indicates that
the mean charged p a r t i c l e  m u l t i p l i c i t y  in nucleon-nucleus c o l l is io n s  is
1/4consistent  w i th  the E energy dependence predic ted by the s t a t i s t i c a l  
and hydrodynamical theories and the log E dependence predicted by the 
m ult iper i  pheral model. The i n e la s t ic i  ty < K ^ >  (the f ra c t io n  of the 
a v a i la b le  energy radiated as produced charged p a r t ic le s  in the laboratory  
system) was determined to be 0.23 + 0 .06  corresponding to a to ta l  ine las ­
t i c i t y  of 0 .38  *  0 .10. A method was discussed whereby i t  might be 
possible to determine the e f f e c t i v e  mass of a subpart of the nucleon 
a c tu a l ly  p a r t ic ip a t in g  in the c o l l i s i o n  by examining the d e ta i le d  
s t ru c tu re  of the i n e l a s t i c i t y  d is t r ib u t io n s .  An attempt was made to 
estimate the energy of  the heavy nuclei from the angular divergence of 
the fragments. For the mult ip ly -charged fragments the energy determined 
by th is  method was consistent  with  that  determined from the composite 
angular d i s t r ib u t io n .  For the singly-charged fragments the energy c a l ­
cula ted from the angular divergence of the fragments underestimated the 
previously  determined energy by a fa c to r  of 4 .7  ± 1*0- This re s u l t ,
vi i i
together with  a s im i la r  resu l t  obtained by Rybicki a t  200 Gev, indica  
that a t  these high energies the fragments are no longer produced by a 
simple evaporation process in the m irror  system.
INTRODUCTION
The experimental study of cosmic rad ia t ion  f a l l s  in to two rather  
broad categories .  The cosmological studies are concerned with  questions  
re la ted  to the o r ig in  of cosmic rays, the nature of the primary p a r t ic le s ,  
and the f lu x  and energy of  the p a r t ic le s  incident upon the earth .  The 
other type of  studies is concerned with an analysis  of the d e ta i le d  
propert ies  of the nuclear in teract ions  produced by the primary cosmic 
rays. The experiment described herein is of the l a t t e r  type.
The inves t iga t ion  of the propert ies  of nuclear in teract ions a t  
energies greater  than 1000 Gev has been c a rr ie d  out in recent years 
by means of studying the in terac t ions  of energet ic  primary cosmic ray 
nucle i .  There are many d i f f i c u l t i e s  involved in performing cosmic ray  
experiments for  studying the propert ies  of nuclear in te ra c t ions ,  but 
since there is no prospect that a machine capable of producing such 
high energy p a r t ic le s  w i l l  be a v a i la b le  in the near fu tu re ,  cosmic 
rays w i l l  probably be the only source of these energet ic  p a r t ic le s  for  
s ome t i me.
One method of approaching the problem in d i r e c t l y  is the placing of 
large arrays of detectors on the surface of the ea r th ,  e i th e r  a t  sea 
leve l  or a t  mountain a l t i t u d e s ,  to study the propert ies  of extensive  
a i r  showers.^ However, the extensive a i r  shower is the end product of
*See fo r  example: K. Greisen, Progress in Cosmi c Ray Phys i cs 
{ In terscience  Publishers, In c . ,  New York, 195^7, Vol. I l l ,  p. 3*
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a series of in terac t ions  of the secondary and la t e r  generation p a r t ic le s  
as they t raverse the atmosphere. From such in d i re c t  studies some of  the 
average propert ies  of the shower can be determined but i t  is d i f f i c u l t  
to e x t ra c t  any d e ta i le d  information concerning the propert ies  of  the 
primary in te ra c t io n  from such studies.
I t  is therefore  des irable  to study the primary nuclear in te ra c t io n  
d i r e c t l y ,  and th is  can be accomplished by placing a detector a t  very high 
a l t i t u d e s  to record the primary act i t s e l f .  Due to the SMall f lu x  of  
energet ic  primary nuclei and th e i r  rapid a t tenuat ion  in the e a r th 's  
atmosphere, i t  is necessary that  the detector be exposed fo r  a long 
period of  time near the top of the atmosphere. At the present time 
i t  is not fe a s ib le  to use cloud chambers with magnetic f i e ld s  or bubble 
chambers for such purposes. However, nuclear emulsion stacks have been 
flown a t  very high a l t i t u d e s  by g iant  balloons with  reasonable success. 
Nuclear emulsion is a des irab le  detector  fo r  such an experiment because 
i ts  rather  high density  resu lts  in a comparatively short nuclear mean 
f ree  path (approximately 30 cm.),  and a short gamma ray conversion 
length (approximately 3 cm.).  Also one is probably able to obtain  
b e t te r  angular reso lut ion of the secondary tracks in emulsion than in 
any other detector .
However, the emulsion stacks used in e a r l i e r  cosmic ray studies  
have been so small tha t  only the primary in te ra c t io n  and possibly a 
very l im i ted  port ion of  the secondary e f fe c ts  could be studied w i th  them. 
Under such circumstances i t  was d i f f i c u l t  to obtain a r e l i a b l e  estimate  
of the energy of the primary p a r t ic le s  since one was forced to re ly  
mainly upon the angular d i s t r ib u t io n  of the charged p a r t ic le s  produced
3
in the primary in te ra c t io n .  From th is  data the Lorentz fac to r  of the 
reference system in which the produced p a r t ic le s  e x h ib i t  d e ta i le d
2
forward-backward symmetry was ca lcu la ted  using the Castagnoli formula.
The energy per nucleon of the incident  p a r t i c l e  can then be ca lcula ted  
i f  i t  is assumed that:
(1) The system in which the produced charged p a r t ic le s  e x h ib i t  
d e ta i le d  forward-backward symmetry is the center of mass 
system of the c o l l id i n g  p a r t ic le s ;
(2) The ta rget  p a r t i c l e  is a nucleon;
(3) The e n t i r e  incident p a r t i c l e ,  or some subpart of the 
incident p a r t i c l e  with known mass is involved in the 
col 1i s i on.
I t  is known that  the Castagnoli formula resu lts  in serious overestimates  
as wel l  as underestimates of the true primary energy in events where the
charged secondary p a r t ic le s  do not e x h ib i t  forward-backward symmetry
3
in the center of mass system. Dobrotin et  ̂ aJL have shown that large 
forward-backward asymmetries of charged p a r t i c le  emission in the nucleon- 
nucleon center  of mass system often occur in nuclear in terac t ions  at  
300 Gev. Lohrmann e£ a^. have determined the energy of the fragments 
from heavy nucleus breakup events by the technique of  r e la t i v e  s c a t te r in g .
p
C. Castagnoli ,  G. C o r t in i ,  0. Moreno, C. F r a n z in e t t i ,  and A. 
Manfred in i ,  Nuovo cimento _10, 1539 (1953)*
^N. A. Dobrotin and S. A- S lavat insky,  Proceedings of  the Tenth 
Annual Conference on Hi gh Energy Physics a t  Rochester ( In tersc ience  
Publishers, In c . ,  New York” i 960) ,  p. 819.
^E. Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122. 672 ( 1961).
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From th is  study of in te rac t ions  having a mean energy of 250 Gev, they 
have shown that  on the average the Castagnoli method overestimates or 
underestimates the true energy by a fac to r  of  about two, depending on 
the type of in te ra c t io n ,  and that in some cases the overestimate or 
underestimate is greater  than a fac tor  of  ten. The large under­
estimations might be due to the e f f e c t  of secondary cascading or heavy 
ta rgets ;  however, the large overestimations cannot be due to these 
e f f e c ts .  Thus they had an in d ica t ion  of the possible existence of 
forward asymmetries grea ter  than expected from s t a t i s t i c a l  f lu c tu a t io n s .
However, the mean energy of the sample of  events measured in th is  
study is about 5000 Gev, and ne i th er  the c a lo r im e t r ic  method of  
Dobrotin nor the r e l a t i v e  s c a t te r in g  technique used by Lohrmann can be 
expected to y ie ld  a r e l i a b l e  est imate  of  the true primary energy 
except for  specia l cases. I t  is ,  nevertheless, reasonable to expect 
that  one can obtain a r e l i a b l e  estimate of the true energy by applying  
the Castagnoli formula to the composite angular d i s t r ib u t io n  of an 
ensemble of  in te ra c t ions  produced by a mono-energetic beam of p a r t ic le s  
and in which the ta rge t  and incident p a r t ic le s  are on the average 
symmetrical in mass. Such a composite angular d i s t r ib u t io n  of an 
ensemble of in te ra c t io n s ,  which should e x h ib i t  the necessary symmetry 
propert ies  so that the Castagnoli method w i l l  y ie ld  a meaningful 
estimate of the true energy, is approximately re a l ize d  in the family  
of in te rac t ions  produced by a heavy nucleus and i ts  fragments. In order 
to perform an analys is  on th is  type of event, i t  is necessary to have a 
large emulsion stack so th a t  the in terac t ions  of most of the secondary 
fragments can be observed. The ICEF and Brawley stacks described in 
th is  paper s a t is f y  th is  c r i t e r i o n .
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In what fo l lows,  a d e ta i le d  analysis  of the in teract ions  produced 
by some heavy primary nuclei and t h e i r  fragments in the ICEF and Brawley 
emulsion stacks w i l l  be presented. In p a r t ic u la r ,  since d e ta i led  
observation and analys is  of the in terac t ions  of the fragments of the 
primary nucleus were possib le , the c h a ra c te r is t ic s  of  these in terac t ions  
can be studied. In th is  study, p a r t ic u la r  emphasis w i l l  be placed on 
such propert ies  as the transverse momentum of the fragments, the in ­
e l a s t i c i t y ,  m u l t i p l i c i t y  of secondary p a r t ic le s ,  the energy and angular 
d i s t r ib u t io n  of secondary p a r t i c le s ,  and possible asymmetries in the 
emission of charged p a r t ic le s  in the center of mass system.
CHAPTER I 
EXPERIMENTAL PROCEDURE
I.  THE ICEF STACKS
In I 958 the la te  Professor Marcel Schein of the U n ivers i ty  of  
Chicago conceived the idea of f ly in g  two large e ighty  l i t e r  stacks of 
so l id  nuclear emulsion near the top of the atmosphere for  a long 
period of  time (approximately t h i r t y - s i x  hours). I t  was an t ic ip a te d  
that  such a pro jec t  would increase the world s t a t i s t i c s  of high energy 
events by a fac to r  of  two and permit a more d e ta i le d  analysis  of  the 
propert ies of high energy c o l l i s io n s .  This l a t t e r  point  would be 
possible because the in teract ions of the secondary p a r t ic le s  and the 
long i tud ina l  development of the electromagnetic cascade re su l t ing  from 
the decay of  neutra l ptons produced in the c o l l is io n s  could be observed 
in deta i 1.
The f i r s t  of these stacks was flown twice from the deck of the 
A i r c r a f t  C arr ie r  U.S.S. Va l ley  Forge in the Caribbean Sea in January, 
i 960. The f l i g h t  curves are given in Fig. 1. This stack consisted of 
500 sheets of I l f o r d  G~5 nuclear emulsion, each having the dimensions 
45 x 60 x 0 .06  cm., and was c a rr ie d  a l o f t  twice by ten m i l l io n  cubic 
foot Skyhook balloons. The recovered stack was processed and cut at  
the U n iv e rs i ty  of Chicago in the processing p lant  b u i l t  e s p e c ia l ly  for  
the purpose of handling such large stacks. The cut emulsion plates  
were then d is t r ib u te d  to th i r t y - t w o  laborator ies  in fourteen countries  
p a r t ic ip a t in g  in a worldwide co l labora t ion  pro jec t  known as the 
In te rn a t io n a l  Cooperative Emulsion F l ig h t  (ICEF) Pro ject .
4 e 12 0 4 8
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The second ICEF stack was flown from Glynco, Georgia in June, I 9 6 I .  
The cut-down mechanism on the bal loon f a i l e d ,  and the stack was never 
recovered.
I I .  THE BRAWLEY STACK
In 1961 under the d i re c t io n  of Professor M. Koshiba of the 
U nivers i ty  o f  Chicago, arrangements were made to f l y  another e ighty  
l i t e r  emulsion stack.  This stack was successfu l ly  flown from Brawley, 
C a l i fo r n ia  in November, 1961. The f l i g h t  curve is given in Fig. 2.
This stack consisted of 500 sheets of I l f o r d  K-5  nuclear emulsion, 
each having the dimensions 45 x 60 x 0.06 cm., and was c a rr ie d  a l o f t  
by a ten m i l l io n  cubic foot Skyhook balloon. I t , t o o ,  was processed 
and cut a t  the U n ivers i ty  of Chicago. These emulsion plates were 
d is t r ib u te d  to the p a r t ic ip a n ts  in a new co l la bora t ion  known as the 
Skyhook Brawley Pro ject .
111. SCANNING FOR ELECTROMAGNETIC CASCADES
The in terac t ions  of the energet ic  cosmic ray nuclei were detected  
by observing the so f t  electromagnetic cascade associated with the 
nuclear event. The cascade appears as a dark streak in the emulsion,  
and can be observed e a s i ly  by placing the emulsion p la te  over a uniformly  
i l lum inated  l ig h t  box and scanning with  the unaided eye. C lear ly  such a 
detect ion method, which hinges on the observat ion of a secondary feature  
of the events, w i l l  enable one to observe only a l im i ted  class of in t e r ­
act ions .  The threshold energy in the cascade for detect ing an event by 
th is  technique is about 400 Gev, and the detect ion e f f ic ie n c y  is 50 per 
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w i l l  be influenced by the energy of the produced neutra l pions in the 
laboratory system, and the geometry of  the event. To discuss completely  
the biases introduced by th is  scanning method i t  is a lso necessary to 
consider the r e la t io n  of the detec t ion  threshold to the c h a r a c te r is t ic s  
of the primary event. This r e la t io n  is influenced by the fo l lowing  
fac tors:
(1) The energy of the primary event;
(2) The f r a c t io n  of energy radiated in the form of neutra l  pions;
(3) The angular d i s t r ib u t io n  of the radiated neutra l  pions and i ts
f lu c t u a t i  ons;
{k)  The number and angular d i s t r ib u t io n  of charged secondary 
par t i  c les .
However, for  events produced by heavy nuclei the observed electromagnetic  
cascade is a superposition o f  the cascade r e s u l t in g  from the in te ra c t io n
of each of the fragments, which have the same energy per nucleon as the
primary nucleus. For such a superposition of cascades i t  is reasonable to  
assume that the f lu c tu a t io n s  in the c h a ra c te r is t ic s  of the component 
cascades w i l l  on the average tend to be smoothed out. In ad d i t io n ,  the 
t o t a l  energy in the cascade w i l l  be la rger  than for an event produced by 
a proton having the same energy per nucleon as the heavy primary p a r t i c l e .  
Hence the cascade of  a heavy nucleus event should be re a d i ly  v is ib le  
over a greater  distance than that  of a nucleon event having the same 
energy per nucleon. Thus the sample of heavy nucleus in terac t ions  
obtained by th is  scanning procedure is expected to be r e l a t i v e l y  unbiased. 
The in terac t ions  of  nine heavy primary nuclei found in th is  manner w i l l  
be discussed in d e t a i l .
n
IV. DETECTION OF INTERACTIONS
Each electromagnetic cascade observed during the v isua l  scanning 
was traced back to i ts  o r ig in  or point  of entry  in to  the stack. Various 
types of events were found by th is  technique, but the analysis  described 
herein concerns only those events which were induced by heavy nuclei
having a projected length per p la te  greater  than 0 .2  cm. The heavy
nucleus producing an event was traced back from the point of in terac t ion  
to i t s  point of entry  in to  the stack to insure that no in terac t ions  
produced by th is  p a r t i c le  had been overlooked.
In order to detect the in terac t ions  of the fragments of the primary 
nucleus, which are expected to be amongst the tracks with the smal lest
emission angles, a l l  p a r t ic le s  emitted w i th in  a cone of 1 mr. h a l f ­
opening angle with respect to the d i re c t io n  of the primary nucleus were 
in d iv id u a l ly  traced u n t i l  they in teracted ,  l e f t  the scanned volume, or 
were lost  in the dense background of the electromagnetic  cascade.
The d e ta i le d  trac ing procedure consisted of fo l lowing each track  
in the scanned volume for  i t s  e n t i r e  length in each emulsion p la te  
using a 53* o i 1 - immersion o b je c t iv e ,  and a lOx binocular  eyepiece.
At 5 cm. from the primary in te ra c t io n  the width of the scanned cone is 
0.05 cm. which is equal to the radius of the usable port ion of the f i e l d  
of view. Beyond 5 cm. from the primary in te ra c t io n  the d e ta i le d  trac ing  
was confined to a tube of 0.05 cm. radius. Hence, beyond 5 cm. the 
tracks which had been traced previously  were traced only so long as they 
remained w i th in  th is  tube.
The posi t ion  of each assumed fragment in the scanned volume r e la t i v e  
to the axis of the event was measured a t  approximately 1 cm. in te rv a ls
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along the axis or a t  least once per p la te  i f  the length per p la te  was 
less than 1 cm. This d e ta i le d  measurement of the posi t ion  of  the 
fragments was necessary so that the singly-charged fragments could be 
followed with  high e f f ic ie n c y  through the background produced by the 
electromagnetic  cascade. The purpose of this d e ta i le d  fo l lowing pro­
cedure was to detect a l l  in te ra c t io n s  produced by these p a r t ic le s .
This method of detect ion y ie lds  a r e l a t i v e l y  unbiased sample of  
j e t s  produced by the m u l t ip ly -  and singly-charged fragments. {Despite  
the d e ta i le d  t rac ing  procedure, i t  is s t i l l  conceivable that in terac t ions  
with no black prongs, and only a few wide angle minimum tracks have been 
overlooked.)  In terac t ions  produced by neutra l  p a r t ic le s  were a lso  
detected w i th  high e f f i c ie n c y ,  but there is no way to p o s i t iv e ly  
c o r r e la te  a neutra l  p a r t i c l e  with  i t s  source, unless the neutra1- induced 
in te ra c t io n  is the f i r s t  secondary in te ra c t io n  associated with  the event.
V. SELECTION OF FRAGMENTS
As previously  stated,  a l l  tracks emitted from an in te ra c t io n  w i th in  
a cone of 1 mr. half -opening angle were in d iv id u a l ly  traced to insure 
e f f i c i e n t  detect ion of the fragment in te ra c t io n s .  The i d e n t i f i c a t io n  of  
the mult ip ly -charged fragments of the primary nucleus is unambiguous.
The number of grains per un i t  length of a high energy p a r t i c le  is d i r e c t l y  
proport ional  to the square of  the e l e c t r i c  charge of the p a r t i c l e .  I t  is 
thus qu ite  simple to d is t ingu ish  the track of a mult ip ly -charged  
nucleus from that  of a proton. The id e n t i f i c a t i o n  of the singly-charged  
fragments from that  group of  minimum ion iz ing  p a r t ic le s  emitted a t  small 
angles is complicated by the presence among these p a r t ic le s  of produced
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p a r t ic le s  emitted a t  very small angles. At these high energies there is 
no way to d is t ingu is h  the track produced by a proton from tha t  of any 
other singly-charged p a r t i c l e .  The neutra l  fragments, of course, leave 
no v i s i b l e  track in the nuclear emulsion, and hence d i re c t  observation is 
imposs i b le .
In order to determine which of the singly-charged p a r t ic le s  traced  
in d e t a i l  were true fragments, the fo l low ing procedure was adopted. For 
each heavy nucleus in te ra c t io n  the number of s ingly-charged fragments 
which should be observed was determined by assuming that each nucleon of the 
incident nucleus has equal p r o b a b i l i t y  of emerging from the c o l l i s i o n  as 
a charged or a neutra l  p a r t i c l e .  This assumption, which is consistent with  
the requirement of charge conservation in the in te ra c t io n ,  is reasonable 
at  these high energies. Thus the number N of s ingly-charged fragments is 
expected to be
N = Z ( inc iden t  nucleus) -  £  Z.{fragments having Z >  2 ) .
Hence for  each heavy nucleus event that  number N of minimum ion iz ing  tracks  
having the smal lest emission angles were taken to be the singly-charged  
fragments.
The neutra l  fragments cannot be d i r e c t l y  observed and hence th e i r  
emission angles must be in d i r e c t l y  determined. For in te rac t ions  observed 
to be produced by neutra l  p a r t ic le s  i t  was only possible to estimate the 
maximum and minimum emission angle of  the neutra l  p a r t i c l e  by considering  
that i t  was emitted from the various in terac t ions  of nuclear fragments 
occurring between the neutra l  in te ra c t io n  and the primary event. Those 
neutral p a r t ic le s  for which the maximum emission angle was consistent  
with the observed emission angles of the singly-charged fragments were
I k
accepted as possib le  neutra l  fragments. One neutra l  p a r t i c l e  having a 
maximum emission angle of 0.1 mr. (which is smal ler than the emission 
angle of about 60 per cent of  the singly-charged fragments) was included 
in the group of in terac t ions  produced by the singly-charged p a r t ic le s  
believed to be fragments.
An estimate of the contamination r e s u l t in g  from the presence of 
produced p a r t ic le s  among those singly-charged p a r t ic le s  selected as 
fragments w i l l  be made in Section X.
VI .  MEASUREMENT TECHNIQUE
For each in te ra c t io n  of the primary heavy nucleus or one of i t s  
fragments, the fo l lowing propert ies  were determined:
(1) The charge of the primary nucleus and each mult ip ly-charged  
fragment was estimated from the gra in  density or the d e l ta -  
ray density of the track;
(2) The number of minimum ion iz ing  tracks ns and the number of  
evaporat ion prongs N̂  produced in each in te r a c t io n  were 
c a r e f u l ly  counted;
(3 )  The angular d is t r ib u t io n  of the minimum ion iz ing p a r t ic le s  
emitted in each in te ra c t io n  was c a r e f u l l y  measured using the 
mult ip ly -charged fragments as a reference whenever possible  
(*♦2 out of kS events) .  The axis for  each of these events was 
then computed by assuming that the i n i t i a t i n g  p a r t i c l e  was 
p a r a l l e l  to the heavy fragments. (Within the measuring un­
c e r ta in ty ,  th is  assumption is v a l i d . )  This procedure for  
determining the axis  of an event w i l l  be re fe r red  to as Method 1.
i 1*)  For those events where measurement r e la t i v e  to the heavy
fragments was not possib le , the r e la t i v e  angular po s i t ion  of
the p a r t ic le s  was measured. The axis of the event was then
determined by c a lc u la t in g  the center of g ra v i ty  of an " inner
group" of  p a r t ic le s  chosen somewhat a r b i t r a r i l y  from the target  
diagram (a p lo t  of the posi t ion  of  each p a r t i c l e  as viewed in 
a plane approximately perpendicular to the axis of the event) .  
This procedure for  determining the axis of an event w i l l  be 
re ferred  to as Method 2.
In order to compare the resu lts  obtained for  the energy parameters 
calcu la ted  for  events whose axis  was determined by Method 2 to those 
determined by Method 1 (which is f e l t  to be the best method), the axis  
of 32 of the 1*8 events was determined by both methods. This comparison 
is expected to y ie ld  an estimate of the accuracy of Method 2 and to pro­
vide an estimate of the s e n s i t i v i t y  of the energy parameters to the
method used to determine the axis  of the event. The results  of th is  
comparison w i l l  be presented when the various energy parameters are  
discussed in d e t a i l .
V I I .  ENERGY ESTIMATE FROM THE ANGULAR DISTRIBUTION 
OF THE PRODUCED PARTICLES
An est imate of the energy per nucleon of  the p a r t i c l e  producing 
a nuclear in te ra c t io n  can be obtained from only the angular d is t r ib u t io n  
of the produced p a r t ic le s  by using the Castagnoli formula .*
*C. Castagnoli ,  G- C o r t in i ,  D. Moreno, C. F r a n z in e t t i ,  and A. 
Manfredint ,  Nuovo cimento 10, 1539 (1953)*
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log 7^ = < lo g ( ta n  0 . ) >
where 0 , is the emission angle of the i ^  produced charged p a r t i c le
in the laboratory system, and 7 is the Lorentz factor  of the system inc
which the angular d i s t r ib u t io n  of the produced charged p a r t ic le s  e x h ib i t  
d e ta i le d  forward-backward symmetry. In der iv ing the Castagnoli formula 
i t  is a lso  necessary to assume that  the v e lo c i ty  of the produced charged 
p a r t ic le s  in this  symmetry system is equal to  the v e lo c i ty  of th is  
system (the spectrum independent approximation) . Assuming that  7 is 
the Lorentz fac to r  for  the center of mass system of the a c tu a l ly  c o l l id in g  
p a r t i c le s ,  an estimate of the true energy of the a c t u a l l y - c o l l id i n g  
incident p a r t i c l e  is obtained using the r e la t io n
E = M [ ( y 2 -  1) + 7 J y 2 -  1 + ( M . / M j 2 1 c t c ' c  V c i t
where M. and are the masses of the a c t u a l l y - c o l l i d i n g  incident and 
ta rge t  p a r t ic le s .
A commonly used approximation to th is  equation is
2
E = 2M7^ c ' c
where M is the mass of the nucleon. This approximation, v a l id  for
r  »  1. gives a r e l i a b l e  estimate of the true energy per nucleon 
'  c
provided that:
(1) The target  p a r t i c l e  is a c tu a l ly  a nucleon;
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(2) The e n t i r e  incident  p a r t i c l e  p a r t ic ip a te s  in the c o l l i s io n ;
(3) The produced charged p a r t ic le s  e x h ib i t  de ta i le d  forward-  
backward symmetry in the center of mass system of the a c tu a l ly  
c o l l id i n g  p a r t i c le s ;  and
(k )  The spectrum-independent approximation is s a t is f ie d .
I f  the conditions (1) and (2) are not s a t i s f i e d ,  the true energy E of 
the incident  p a r t i c l e  is given by the r e la t io n
where Mj is the mass of the incident  p a r t i c le .
On the average the Castagnoli energy estimate is insens i t ive  to the
method used to determine the axis  of the event. The r a t io  of the
Castagnoli energy Ec obtained for  an event when i ts  axis is determined 
2
by Method 1 to the value E* obtained fo r  the same event when i tsc
axis is determined by Method 2 is on the average 1.1 ± 0 .2 .  The ind iv idua l  
values of Ec and Ê . are given in Appendix A-
In a dd i t ion  to the assumptions discussed above, the Castagnoli  
energy estimate is a lso influenced by secondary nuclear cascading 
(j_. e . , the process in which one or more of the p a r t ic le s  produced in the 
primary in te ra c t io n  in terac ts  before escaping from the c o l l id in g  n u c le i ) .  
Thus the observed angular d is t r ib u t io n  for  an in te ra c t io n  is a super­
posi t ion  of the angular d i s t r ib u t io n  of the primary event, and that of  
the lower energy secondary e v e n t (s ) .  Lohrmann ejt a_l. have estimated
Q
A descript ion of the methods used for determining the axis  of  an 
event is given on p. 1*+-
^E. Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122, 672 ( 1961) .
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the e f f e c t  of the spectrum independent approximation and secondary 
nuclear cascading in a sample of in terac t ions  having a mean energy per 
nucleon of 250 Gev. In t h e i r  experiment the true energy per nucleon 
of the events was obtained by applying the technique of  r e la t i v e  s c a t te r in g  
to the beam of  O p a r t i c l e  fragments from heavy nucleus fragmentations.
They found that  for  in terac t ions  produced by singly-charged and neutra l  
fragments the Castagnoli method overestimates the true energy per nucleon 
by a fac tor  o f  1.3 fo r  events having <  5 > and underestimates the true 
energy per nucleon by a fa c to r  of 1 .8 for  events having >  5 * In 
a dd i t ion  t h e i r  resu l ts  indicate that  some in terac t ions  are overestimated  
or underestimated by a fac to r  greater  than ten. Thus, one cannot expect 
to obtain a r e l i a b l e  est imate of  the energy per nucleon of a s ingle  
in te ra c t io n  by the Castagnoli method.
V I I I .  ESTIMATE OF THE TRUE PRIMARY ENERGY
When a heavy nucleus in te r a c ts ,  there is produced a beam of fragments 
each having approximately the same energy per nucleon as the primary 
nucleus. I t  is convenient to discuss the fragmentat ion of the primary 
nucleus by considering the process which takes place in the reference  
system in which the incident  nucleus is a t  rest  (the mirror  or a n t i -  
laboratory  system). In the laboratory system the nucleus H is incident  
upon the nucleus N. In the m irror  system the roles of the incident and 
ta rge t  p a r t ic le s  are interchanged, as i l l u s t r a t e d  in Fig. 3 . In th is  
system nucleon N c o l l id e s  with  the nucleus H producing the ty p ic a l  j e t  
of minimum ion iz ing p a r t i c le s ,  and causing an e x c i ta t io n  of the nucleus 
H which subsequently d is in te g ra te s  in to  the fragments. Since the energy
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of the d is in te g r a t io n  fragments in the m irror  system is small compared to 
the energy of  the incident nucleus, they w i l l  transform in to a very 
narrow beam of p a r t ic le s  in the laboratory  system, and they w i l l  have 
e s s e n t ia l ly  the same energy per nucleon as the incident  nucleus ( j_ .e . , 
there is produced a h ig h ly -c o l l im a te d  beam of monoenergetic nuclear  
fragments) .
Despite the existence of large f lu c tu a t ions  in the Castagnoli energy 
estimate for  a s ing le  in te ra c t io n ,  i t  is reasonable to expect that a p p l i ­
cat ion of the Castagnoli formula to the composite angular d i s t r ib u t io n  
of the ensemble of in terac t ions  of p a r t ic le s  of the same mass produced 
by such a monoenergetic beam of p a r t ic le s  should y ie ld  a r e l ia b le  
estimate  of the true energy per nucleon of  the beam p a r t ic le s .  Since 
we are dealing with a sample of in te ra c t io n s ,  the e f f e c t  of any asym­
metr ic  emission of secondary p a r t ic le s  in the center of mass system 
should s t a t i s t i c a l l y  vanish i f  i t  is assumed that the p r o b a b i l i t y  for  
asymmetric emission is the same fo r  the forward and backward d i re c t io n s .  
The c o l l i d i n g  p a r t ic le s  in these c o l l i s io n s ,  which consist  mainly of 
c o l l i s io n s  of a l ig h t  nucleus with  a heavier nucleus, are more symmetrical 
than those in a nucleon-nucleus c o l l i s i o n ,  and thus the assumption of a 
symmetrical angular d i s t r ib u t io n  is more p laus ib le  for  these events than 
fo r  events induced by singly-charged or neutra l  fragments in emulsion. 
Also, in these nucleus-nucleus c o l l i s io n s ,  one might expect the p a r t ic le s  
produced by cascading in the c o l l id i n g  nuclei to be emitted with  forward-  
backward symmetry in the center of mass system. This symmetry is a n t i c i ­
pated since the produced p a r t ic le s  can undergo secondary c o l l is io n s  in
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e i th e r  the ta rg e t  nucleus (moving backward in the center of mass system), 
or in the incident  nucleus (moving forward In the center of mass system). 
The cascading e f f e c t  in these nucleus-nucleus c o l l is io n s  is in contrast  
to that  in nucleon-nucleus c o l l is io n s  where secondary in teract ions  occur 
only in the target  nucleus, and thus always resu lt  in wide angle tracks  
only.
In order to obtain the best agreement with  the aforementioned 
symmetry condit ions, the estimate of the energy per nucleon of the 
incident  heavy nucleus was determined by applying the Castagnoli formula 
to the composite angular d is t r ib u t io n  of only those in terac t ions  produced 
by the mult ip ly-charged fragments. The in terac t ions  of the s ing ly -  
charged fragments were excluded from the composite angular d is t r ib u t io n  
not only to exclude in terac t ions  expected to lack o v e r - a l l  symmetry, but 
also to p o s i t iv e ly  e l im ina te  the uncerta in ty  resu l t ing  from the ambiguity  
in id e n t i fy in g  which of the singly-charged p a r t ic le s  emitted in the small 
region are a c tu a l ly  fragments. In terac t ions  produced by neutra l  p a r t ic le s  
were omitted because the source of the neutra l  p a r t i c l e ,  and hence i ts  
emission angle, can be determined only in specia l cases. I t  should be 
noted that even with  the emission angle known, as in the case of s ing ly -  
charged fragments, there is s t i l l  the ambiguity (not present in the case 
of the mult ip ly -charged p a r t ic le s )  that  the assumed fragment is a 
produced p a r t i c l e  rather  than a true fragment.
There were two events in which the heavy nucleus completely d is in ­
tegrated in the primary in te ra c t io n ,  j_ .e . ,  no mu 11 i p ly-cha rged fragments 
were observed a f t e r  the in te ra c t io n .  For these events the method of  
determining primary energy described previously  must be modified.
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For Brawley event 1006 the primary in te ra c t io n  had a m u l t i p l i c i t y  
° f  385 produced tracks. In view of th is  extremely large number of  
tracks, i t  was considered that  the angular d is t r ib u t io n  of the primary  
event alone would y ie ld  a r e l i a b l e  energy estimate. Such a complex 
nucleus-nucleus c o l l i s io n  is c e r ta in ly  a superposition of may nucleon-  
nucleus c o l l i s io n s ,  so th is  sample of nucleon-nucleus c o l l is io n s  is 
analogous to the ensemble of  in teract ions  produced by the primary heavy 
nucleus and the fragments.
For ICEF event 23 the primary in te ra c t io n  has a rather  low m u l t i ­
p l i c i t y ,  and the energy derived from the angular d is t r ib u t io n  appears 
to be u n r e a l i s t i c a l l y  large compared to that of the most-probable f rag ­
ments and to that  of  electromagnetic cascade (which had been measured 
as part  of the routine analys is  on a l l  ICEF events) .  For this  event 
the energy estimate was obtained from the composite angular d i s t r ib u t io n  
of the primary heavy nucleus in te ra c t io n  and the f iv e  m o s t - l ik e ly  
nucleon fragment in te ra c t io n s .  In order to achieve a meaningful measure 
of the energy o f  the singly-charged fragment in te ra c t io n s ,  the d i s t r i ­
bution of log (tan 0) values for each of these in teract ions  was s h i f te d  
by an amount corresponding to the overest imate and underestimate factors  
of Lohrmann e t  aj.- This s h i f t i n g  serves as the f i r s t  approximation 
to a correc t ion  for  e f fe c ts  o f  cascading and the spectrum-independent  
approximation. I t  should be noted that  although these correc t ion  factors  
were determined a t  250 Gev as compared to the mean energy of *+550 Gev 
for  the events discussed here, they were nevertheless used because no 
others have been determined at  a higher energy.
In order to e l im ina te  the e f f e c t  of f lu c tu at ions  due to p a r t ic le s  
(e s p e c ia l ly  the nuclear fragments) emitted a t  extremely large or small
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angles the fo l lowing s t a t i s t i c a l  c u t - o f f  procedure was adopted for  the
computation of  log 7 from the composite angular d is t r ib u t io n  of the
mult ip ly -charged fragment in te ra c t io n s .  The value of log y was f i r s tc
ca lcu la ted  using a l l  tracks contained in the composite angular d i s t r i ­
bution.  The standard dev ia t ion  a of  the log (tan 0) values about th e i r  
mean (log 7^) was then determined. A new value log y "  was then com­
puted using only those tracks for  which | log (tan 0 ) -  log 7  ̂ j <  2a.  
The standard dev ia t ion  of the new d i s t r ib u t io n  was computed and the c u t ­
o f f  procedure was appl ied a second time. The presence o f  the nuclear  
fragments a t  small angles is manifested by the larger number of small 
angle tracks which were e l im inated by the c u t - o f f  procedure. The value  
of <log (tan 0 ) >  obtained from th is  twice-corrected composite angular 
d i s t r ib u t io n  was taken to be log y ,  the true Lorentz fac to r  of the center  
of mass system of the a c tu a l ly  c o l l id in g  p a r t ic le s .  The energy per 
nucleon E ca lcu la ted  by th is  method for  each primary event is given in 
Appendix B> This c u t - o f f  procedure was not appl ied to event 23 since 
i t  was a n t ic ip a te d  tha t  the procedure adopted fo r  determining the energy 
estimate of th is  event had d is to r te d  the shape of the composite angular  
d i s t r ib u t io n  so such a c u t - o f f  procedure would not be meaningful.
IX. ESTIMATE OF CONTAMINATION
In the absence of  secondary cascading and contamination due to 
non-fragments, the d is t r ib u t io n  of log (7 tan 0 ) values fo r  the s ing ly -  
charged fragment events is expected to be symmetrical about zero.
The d i s t r ib u t io n  of small angle tracks (log (7 tan 0) <, 0) emitted in
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these events should be r e l a t i v e l y  f ree  of these e f f e c ts .  Thus i t  was 
assumed that  the true angular d i s t r ib u t io n  of the large angle tracks  
of the singly-charged fragment events could be approximated by r e f l e c t i n g  
the d i s t r ib u t io n  of  the log (y tan 0 ) values of  the small angle tracks  
about zero. The d i f fe re n c e  between th is  assumed symmetrical d is t r ib u t io n  
and the observed d i s t r ib u t io n  is a measure of  the e f f e c t  of cascading 
and con tali'! i nati  on. An est imate of the upper l i m i t  of the contamination  
can be obtained by assuming that  a l l  of the d i f fe rence  between the 
observed and expected d is t r ib u t io n s  is due to contamination. The upper 
l i m i t  of the contamination re su l t in g  from the presence of produced 
p a r t ic le s  among those singly-charged p a r t ic le s  selected as fragments was 
estimated in th is  manner to be 20 per cent.  This contamination should 
have no e f f e c t  on the determination of primary energy (except for  event  
23 where i t  was necessary to use the singly-charged in terac t ions  to 
determine the energy). The e f fe c ts  of contamination on the asymmetries 
and the center of mass angular d i s t r ib u t io n  w i l l  be discussed in the 
next chapter.
X. CORRECTION FOR THE EFFECTS OF SURVIVING CHARGED BARYONS 
IN THE SINGLY-CHARGED AND NEUTRAL FRAGMENT INTERACTIONS
Any procedure attempting to id e n t i f y  the surviv ing charged baryons 
B+ emit ted from an in te ra c t io n  must of course be consistent with the 
requirement of conservation of charge in the in te ra c t io n .  At these high 
energies i t  is reasonable to assume that  the incident p a r t i c l e  whether 
charged or neutra l  is equal ly  l i k e l y  to emerge as a charged or a neutra l  
p a r t i c l e  (an assumption which is consistent with charge conservation) —  
l ikewise for  the ta rg e t  p a r t i c l e ,  whether i t  be charged or n e u tra l .  I f
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one assumes equal numbers of charged and neutra l  ta rget  nucleons, then 
one obtains the fo l low ing frequencies of occurrence of  a surviv ing  
baryon B+:
(1) B+ forward: 25 per cent
(2) B+ backward: 25 per cent
(3) B forward and B+ backward: 25 per cent
(U) No B+ forward or backword: 25 per cent
For c a lc u la t in g  the energy E  ̂ radiated as produced charged
p a r t ic le s  one needs only to be concerned with id e n t i fy in g  events
with  a surviv ing forward B+ and subtract ing out the contr ib u t ion  of each
such B+, because any surviv ing backward B+ (with large 0) have l i t t l e
e f f e c t  on E . .ch
A s t a t i s t i c a l  se lec t ion  of the group of events having a forward 
surv iv ing baryon B+ was made by se lec t ing  the number expected (50 per 
cent of  a l l  the events)  to have the forward B+ on the basis of the emission 
angle of the t rack  having the smal lest angle for each event. Of these 
t racks, the 50 per cent which have the smallest emission angles were 
taken to be the forward B+ tracks. Then the E . correct ion  was made forC M
each event which contains one of the selected forward B+ tracks. The 
values of E£  ̂ corrected by th is  procedure are designated by E ^  in 
Appendix B.
For the determination of the mean m u l t i p l i c i t y  of produced p a r t ic le s  
fo r  any group of in te rac t ions  i t  is s u f f i c i e n t  to consider that on the 
average there is one surv iv ing B+ per in te ra c t io n .  Also, in order to de­
termine the mean center of mass energy of the produced p a r t ic le s ,  i t  
should be s u f f i c ie n t  to assume that  the m u l t i p l i c i t y  of each in te ra c t io n
i s (n -  1) .' s
CHAPTER I I 
ANALYSIS
I .  THE COMPOSITE ANGULAR DISTRIBUTIONS
The composite angular d i s t r ib u t io n  of a l l  in teract ions  produced 
by the primary heavy nucle i ,  and th e i r  mult ip ly-charged fragments Is 
presented in Figure 4. The shaded area indicates those tracks which 
were e l im inated from the c a lc u la t io n  of log 7 for  each event by the 
s t a t i s t i c a l  c u t - o f f  procedure. The coordinate log (7 tan 9) is used 
in th is  p lo t  to normalize the angular d i s t r ib u t io n  of each event, as 
represented on the log (tan 6 ) scale, so that i ts  mean l ies  a t  zero,  
j _ .e . , the d is t r ib u t io n s  are normalized to a common point .  The value of  
primary energy determined from th is  d i s t r ib u t io n  is designated E in 
Appendix C.
I t  is noted that  th is  composite angular d i s t r ib u t io n  has an asym­
m etr ica l  shape with an excess of tracks having log (7 tan 9) >  0. This 
same shape has been observed by Rybicki* in a sample of primary heavy 
nucleus c en tra l  c o l l is io n s  having a mean energy per nucleon of 250 Gev. 
I t  appears that  the shape of the d is t r ib u t io n  is independent of the 
nature of the c o l l id i n g  p a r t ic le s .  The s t a t i s t i c a l  s ign i f icance  of the
observed excess o f  the p a r t ic le s  emitted in to  the backward hemisphere
2 2in the center of mass system was estimated by a x  t e s t .  The x  
p r o b a b i l i t y  was 40 per cent. Thus one cannot conclude with  large
^K. Rybicki,  "Meson Production in Central C o l l is ions  of Heavy 
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confidence that  the observed asymmetrical shape of the angular d is t r ib u t io n  
is ju s t  a s t a t i s t i c a l  f lu c tu a t io n .
The composite angular d is t r ib u t io n  of a l l  in terac t ions  produced by 
the singly-charged p a r t ic le s  selected as fragments is given in Fig. 4.
I t  is noted that  th is  d i s t r ib u t io n  has a large peak a t  log (7 tan 6 ) = 0 
in d ic a t in g  that  most of the selected singly-charged p a r t ic le s  have the 
same energy per nucleon as the heavy fragments. I t  is a lso apparent that  
this  d is t r ib u t io n  is asymmetric about the mode, being skewed toward large 
emission angles. This may be due to one or more o f  the fol lowing causes:
( 1) the presence of p a r t ic le s  other than true fragments among the 
p a r t ic le s  i n i t i a t i n g  these events; ( 2) the possible presence of fragments 
which were degraded in energy as they passed through the ta rge t  nucleus;
(3 ) the e f f e c t  of  secondary nuclear cascading.
The composite angular d i s t r ib u t io n  of the in terac t ions  induced by 
neutra l  p a r t ic le s  is given in Fig. h. I t  is evident that th is  d i s t r ib u t io n  
does not represent a good sample of fragment in terac t ions  as the dominant 
peak is not centered about zero. This e f f e c t  was a n t ic ip a te d  due to the 
i n a b i l i t y  to d i r e c t l y  observe the neutra l  p a r t ic le s  and determine th e i r  
o r ig in .  Since th is  sample of events appears to be ser ious ly  a f fec te d  
by contamination of non-fragments, these neutra l  events w i l l  not be 
included in the analysis  which fol lows.
I I .  THE CENTER OF MASS ANGULAR DISTRIBUTION
The angular d i s t r ib u t io n  of the produced charged p a r t ic le s  in the 
center of  mass system of the c o l l id in g  nuclei is approximately re la ted  to 
the laboratory system angular d i s t r ib u t io n  of these p a r t ic le s  by the
29
re la t i on
log (tan 1 /2  0 ) ** log (7 tan 0 ) 
where i t  has been assumed that the spectrum- independent approximation is 
v a l id .  The most r e l i a b l e  information regarding the average behavior of 
the center of mass angular d is t r ib u t io n  of the p a r t ic le s  produced in 
high energy c o l l i s io n s  should be obtained from the small angle h a l f  
( log (7 tan 0 ) <  0 ) of the composite angular d i s t r ib u t io n  of  the s ing ly -  
charged fragment in te rac t ions  since th is  d i s t r ib u t io n  is ra ther  f ree of 
contamination due to non-fragments and the e f fe c ts  of  p a r t ic le s  produced 
in secondary In te ra c t io n s  inside the ta rg e t  nucleus. The observed d i s t r i ­
bution for  these events is consistent with a (sin 0 ) * angular d i s t r ib u t io n
in the center of  mass system with a confidence of 80 per cent as
2   _ 1
determined by a x te s t .  The (s in  0) angular d i s t r ib u t io n  has been
2 3 4 2observed in several previous studies .  ’ * The x te s t  a lso reveals  
that the observed d is t r ib u t io n  is t o t a l l y  incompatible with an iso t ro p ic ,  
sin10© or cos™© d i s t r ib u t io n .  A curve corresponding to a (s in  0) * 
d is t r ib u t io n  has been drawn on the composite angular d is t r ib u t io n  of 
these events in Fig. 4b.
The in te g ra l  angular d i s t r ib u t io n  of the tracks emitted forward 
in the center of mass system of the nucleon fragments is presented in 
Fig. 5. The slope of the d is t r ib u t io n  is 1.1 ± 0 .2 .  I f  one assumes
2
B. Edwards, J. Losty, 0. H. Perkins, K. Pinkau and J. Reynolds,
P h i l .  Mag., 2 ,  237 (1958).
^E. Lohrmann, M. Teucher, and M. Schein, Phys. Rev. 122, 672 (1961).
L
M. Koshiba, Experimental Program Requi rements for  a 300" 1000 Gev 
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5
the constancy of mean transverse momentum the slope of th is  d i s t r ib u t io n  
should be equal to but opposite in sign to the exponent of the energy 
spectrum of secondary p a r t ic le s  emitted in high energy c o l l i s io n s .  The 
secondary p a r t i c l e  energy spectrum has been determined from the ICEF 
secondary in terac t ions^  to have a slope of - 1 . 3  ± 0 .2 .  I f  i t  is assumed 
that  P = 6° ,  the resu lts  given above imply that Cl = 0. 15 ± 0 .28. Thus 
the re su l t  obtained in th is  experiment for  the angular d is t r ib u t io n  of 
produced p a r t ic le s  combined with  the ICEF resu lt  for  the energy spectrum 
of these p a r t ic le s  is consistent w ith  the assumption of constancy of  
mean transverse momentum.
1(1. ASYMMETRY OF EMISSION OF CHARGED PARTICLES
The number of charged p a r t ic le s  emitted forward n  ̂ and backward n  ̂
in the center of mass system of  the c o l l id in g  nuclei is obtained immediately 
from the angular d is t r ib u t io n  p lo t te d  in terms of the coordinate  
log (7 tan 6 ) .  Fig. 6 gives a p lo t  of n  ̂ vs. n  ̂ in which each fragment 
in te ra c t io n  is represented by a po in t .  I f  the charged p a r t ic le s  are  
emitted with  equal p r o b a b i l i t y  for  being in the forward hemisphere or 
backward hemisphere in the center of mass system, the p r o b a b i l i t y  of  
having p a r t ic le s  in the forward hemisphere out of  a t o t a l  of n& 
p a r t ic le s  is given by the binomial d is t r ib u t io n
^The constancy of mean transverse momentum w i l l  be discussed in 
detai 1 in Sec. V I 1.
6C. L. Deney, R. L. Fricken,  R. W. Huggett, B. Hildebrand, R. 
Silberberg ,  M. Koshiba, C. H. Tsao, and J. Lord, "Analysis of High Energy 
Nuclear In terac t ions  from the In te rn a t io n a l  Cooperative F l i g h t , "  ( to  be 
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P s = 5 , , K " s
nf J n s ~ nf ) i  nf J KV
for  which the standard dev ia t ion  is nsŷ  * Therefore, curves 
corresponding to one, two, and three standard deviat ions of  th is  
binomial d i s t r ib u t io n  are a lso shown in Fig. 6 .
Figure 7 gives the d i s t r ib u t io n  of  d the perpendicular distanceo
of each point  in Fig. 6 from the nf = nfa l in e  in units of the standard 
dev ia t io n .  The q u an t i ty  d^ is
A q u a n t i ta t iv e  est imate of the percentage of in terac t ions  in which 
the dev ia t ion  from forward-backward symmetry of the center of mass 
system angular d is t r ib u t io n  of the produced charged p a r t ic le s  is 
greater  than would be expected from s t a t i s t i c a l  f lu c tu at ions  from random 
emission can be obtained by assuming that  the observed d i s t r ib u t io n  of 
points in Fig. 7 is a superposition of a binomial d is t r ib u t io n  ( re s u l t in g  
from events in which the charged p a r t ic le s  are emitted randomly forward 
and backward in the center of  mass system) and some other d i s t r ib u t io n  
re su l t in g  from what we have c a l led  "asymmetric events". In order to  
determine the area under that  part  of the d i s t r ib u t io n  re su l t in g  from 
the events in which emission is random, i t  w i l l  be assumed that  a l l  events 
in the region between zero and one standard deviat ion are the resu l t  of  
such random events. Thus a binomial d i s t r ib u t io n ,  normalized so that  i t  
contains the same area between zero and one standard dev ia t ion  as the 
observed d is t r ib u t io n  has been drawn on the d is t r ib u t io n s  in Fig. 7 .
The d i f fe re n c e  in area between the observed d i s t r ib u t io n  and th is  binomial  
d is t r ib u t io n  w i l l  be taken as a measure of the per cent of asymmetric 
events. Neglecting the contr ib u t ion  of asymmetric events to the region
equal to (nf -  nb) /  + nb .
3^
No.
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from zero to one standard dev ia t ion  causes the overestimation of the area 
under the binomial d i s t r ib u t io n  and thus an underestimation of the 
d i f fe re n c e  in area between the observed and the binomial d is t r ib u t io n s .
Thus the apparent percentage of asymmetric events deduced by this pro­
cedure is an underestimate of  the true value.
The e f f e c t  of secondary nuclear cascading is to increase n^ fo r  an 
in te ra c t io n  and thus to move points upward in Fig. 6 . I t  is therefore  
a n t ic ip a te d  that  those events having ^  n^ w i l l  tend to e x h ib i t  more 
forward-backward symmetry than would be possessed in the absence of 
cascading while  those events having n  ̂ <  n^ w i l l  tend to e x h ib i t  less 
symmetry. In view of these e f fe c ts  of cascading, i t  seems p laus ib le  to 
assume that  a lower l i m i t  of  the percentage of  asymmetric events can be 
obtained by applying the aforementioned procedure to only those events 
having n̂ . ^  n^ and that  an upper l i m i t  can be obtained from those 
events having n̂ . <  n^. (Since the procedure used to normalize the b inonia l  
d is t r ib u t io n  causes an underestimation of the asymmetry, i t  is no longer
c e r ta in  that  the l i m i t  obtained from those events with  n ,  <  n. is a truer — b
upper l i m i t .  However, since no important conclusion w i l l  be drawn from 
this number, i t  w i l l  be assumed that  th is  number is s t i l l  an upper l i m i t . )
One sees from Fig. 7 that  8 .0  out of 21 .0  events having nf >  n  ̂
l i e  outside of the binomial curve. Thus I t  might appear tha t  a t  least  
38 ± 8 per cent of the events have asymmetries greater  than would be
expected from s t a t i s t i c a l  f lu c tu a t io n s  from random emission in the center
2
of mass system. A x analys is  was performed to determine whether or not
2
this conclusion has s t a t i s t i c a l  s ig n i f ic a n c e .  The x p r o b a b i l i t y  found 
was 10 per cent. Hence one can conclude with  90 per cent confidence
36
that  the observed d i s t r ib u t io n  is not a f lu c tu a t io n  from the binomial 
d i s t r ib u t io n  expected i f  charged p a r t ic le s  were emitted randomly in the 
center of mass system in a l l  events. I t  should be noted that  th is  l i m i t  
is not a f fe c te d  by the contamination due to inclusion of secondary 
in te rac t ions  among the fragment events since the lower energy secondary 
events should have n  ̂ <  n^. On the basis of  th is  test  the observations  
above can be considered as o f fe r in g  evidence of asymmetries greater  than 
would be expected from s t a t i s t i c a l  f lu c tu a t io n s  from random emission.
From Fig. 7 one sees that  14.0 out of 27*0 events with  n ,  <  n.f — b
l i e  outside the binomial curve. Thus i t  might appear that  less than
52 ± 9 per cent of the events have asymmetries greater  than expected
2
from f lu c tu a t io n s  from random emission. A x  tes t  reveals that  one can 
conclude w i th  more than 99 per cent confidence that the deviat ion from 
random emission is s ig n i f i c a n t .  Although the exact meaning of th is  l i m i t  
is not completely c le a r ,  th is  number should s t i l l  provide some ind ica t ion  
of the upper l i m i t  of the percentage of asymmetric events.
Having obtained an ind ica t ion  of the existence of asymmetry of 
emission of charged p a r t ic le s  in the center of mass system of the c o l l id i n g  
nuclei i t  is of in te re s t  to seek an explanation for  th is  e f f e c t .  A 
possible source of  the asymmetries is a d is p a r i ty  of mass between the 
a c tu a l ly  c o l l id i n g  p a r t i c le s .  In such a case those events having 
M. >  Mt w i l l  r e su l t  in a forward asymmetry while  those having M. <  Mt 
re su l t  in a backward asymmetry. Such a s i tu a t io n  could be rea l ized  i f  
several nucleons in e i th e r  the ta rg e t  or incident  nucleus or both in t e r ­
act  coherently . In th is  case there w i l l  be a wide range of mass values 
possible for both of the a c tu a l ly  c o l l id i n g  p a r t ic le s .  Even in nucleon- 
nucleon c o l l i s io n s  such mass d is p a r i t i e s  could resu l t  i f  one allows that
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the actua l  c o l l i s io n  may involve subparts of the c o l l id in g  nucleons.
Such a re su l t  is expected on the basis of a model^ in which one assumes 
that  the nucleon consists of a core N surrounded by a cloud of v i r t u a l  
p a r t ic le s  x. In th is  model the c o l l is io n s  N x and x - >  N as wel l  as 
the asymmetric c o l l is io n s  x x and N ->■ N may occur.
IV. FLUCTUATIONS IN Ec
A problem c lose ly  re la ted  to the asymmetry of emission of p a r t ic le s  
discussed in the previous sect ion is that  of f lu c tu a t io n s  in the Castagnoli 
energy est imate ft>r an in te ra c t io n .  The asymmetries are re la ted  to 
f lu c tu at ions  in the angular d is t r ib u t io n  which are in turn re la ted  to 
f lu c tu a t io n s  in Ec by the Castagnoli equation. This equation predic ts  
the fo l low ing r e la t io n  between the standard dev ia t ion  of the d is t r ib u t io n  
of log Ec and that  of the d is t r ib u t io n  of log (tan 8 ) values
o(1 E , = g ° U ° 3  8)
I f  the charged p a r t ic le s  are emitted p r e f e r e n t i a l l y  forward in the center 
of mass system, there w i l l  be an excess of small angle tracks in the 
laboratory system, and hence Ec w i l l  tend to overestimate the true energy 
of the event; s im i l a r l y ,  i f  the charged p a r t ic le s  are emitted preferen­
t i a l l y  backward in the center of mass system, there w i l l  be an excess of 
large angle tracks in the laboratory system, and hence Ec w i l l  tend to 
underestimate the true energy. Hence, the magnitude of the f lu c tu a t io n s
of the r a t i o  E /E should be a measure of the rate  of asymmetric emission c
of charged p a r t ic le s  in the center of  mass system. However, the exact
Koshiba, Experimental Program fo r  a 300- 1000 Gev Accelerator  
(Brookhaven National Laboratory] I 9 6 I ) , p. 15.
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r e la t io n  of th is  r a t i o  to the asymmetries is d i f f i c u l t  to determine since 
the r a t i o  is a lso influenced by the e f fe c ts  of  cascading and the 
spectrum-i ndependent approximation.
The d i s t r ib u t io n  of  log (E^/E) is given in Fig. 8 . I t  is seen from 
th is  f ig ure  that  Ec underestimates or overestimates the true energy by 
a fac to r  greater  than ten for  23 per cent (11 out of 48) of the events.
This resu l t  supports the statement made e a r l i e r  that  one cannot expect 
to obta in  a r e l i a b l e  estimate of the energy of an ind iv idua l  in te ra c t io n  
by using the Castagnoli method.
V. ACCURACY OF THE CASTAGNOLI METHOD
Although serious f lu c tu at ions  resu l t  when the energy of an in d iv id ­
ual in te ra c t io n  is determined by the Castagnoli method, i t  is of in te re s t  
to determine the r e l i a b i l i t y  of th is  method fo r  est imating the energy 
of an unbiased sample of events (namely, the group of  a l l  primary and 
fragment events considered in th is  study). I t  is found that  on the average 
Ec underestimates the energy of  events having >  5 by a fac to r  of 
2 .2  ±  0 . 5 , and overestimates the energy of events having <  5 by a
fac to r  of I .3  ± 0 .2 .  These factors  are consistent with  those obtained
g
by Lohrmann e t  a l .  fo r  s ingly-charged and neutra l  fragment events a t  
250 Gev. The dev ia t ion  of these factors from un ity  is most probably due 
to the e f fe c ts  of  cascading and the breakdown of the spectrum-independent  
approximation on the determination of Ec » The fa c t  that  these factors  
agree with  those of Lohrmann indicates that  the net e f f e c t  of the spectrum- 
independent approximation and cascading has cancel led out in the 
o
E. Lohrmann, M. W. Teucher and M. Schein, Phys. Rev. 122, 672 ( I 9 6 I ) .
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c a lc u la t io n  of the energy E. This re su l t  is reasonable since no 
correc t ion  was made fo r  the e f f e c t  of the spectrum-independent approx­
imation which tends to cause an overestimate of the energy or the s l ig h t  
predominance of backward cascading which tends to cause an underestimate  
of the energy.
Vi.  THE OPENING ANGLE FORMULA
I f  one considers that the d is in te g r a t io n  of the incident nucleus
takes place through an evaporation process in the mirror  system, i t
is possib le  to r e la te  the energy of  the incident  nucleus to the angular
divergence of i t s  fragments in the laboratory system. This r e la t io n
9
has been derived by Kaplon e_t a_l. ,  and gives
E  -  ________
{& ■
where 6 is the emission angle of the fragment in the laboratory system,
E is the energy per nucleon, and K -  0. 12 G ev^  and 0 .06 Gev^ for pro­
tons and heavier fragments resp ec t ive ly .  In der iv ing  th is  r e la t io n  i t  
was assumed that  the d is in te g r a t io n  of the incident nucleus proceeds via  
an evaporat ion process in which the fragments are emitted is o t r o p ic a 1ly
in the mirror  system, and that th e i r  mean k in e t ic  energy in th is  system 
12is 10 Mev.
9
M. F. Kaplon, B. Peters, H. L. Reynolds, and D. M. Ritson, Phys. 
Rev. 82, 295 (1952).
I b i d .
^ C -  F. Powell, P. H. Fowler, and D. H. Perkins, The Study of 
Elementary P a r t ic le s  by the Photographic Method (Pergamon Press, 1959),
p. 608.
^ 0 .  H. Perkins, P h i l .  Mag. 4^, 138 (1950)-
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Since the emission angles o f  the fragments are very smal l,  and many 
of the measurements were made a t  large distances from the primary i n t e r ­
ac t ion ,  part  o f  the apparent angular divergence of the fragments is due 
to the e f f e c t  of m u l t ip le  coulomb s c a t te r in g .  A correc t ion  fo r  th is  
e f f e c t  was appl ied to the data by computing the s p a t ia l  separation r
s c
expected to re su l t  from m u l t ip le  sc a t te r in g  by the r e l a t i o n ^
r ,  i i i  « 3 /g  /  (i i ) 2 1
SC E V
where r fic is in units  of microns, E is in Gev and X is in cm. This 
contr ib u t ion  from s c a t te r in g  was then subtracted from the observed 
separation of the tracks* The values of the primary energy obtained 
in th is  manner from the mult ip ly -charged and the singly-charged f rag ­
ments are given in Appendix B, and designated by E and E' respec t ive ly .d d
The value of the energy ca lcu la ted  from the angular separation of the 
mult ip ly -charged fragments is consistent with  that  obtained from the 
composite angular d i s t r ib u t io n  of the fragment in te ra c t io n s .  The mean 
value of the r a t i o  E/E is 1.7  + 0 . 9 ,  where the e r ro r  quoted is ad
measure of  s t a t i s t i c a l  f lu c tu a t io n s  only.  However, the energy ca lcu la ted  
from the opening angle of the singly-charged fragment is in serious  
disagreement w i th  that  determined from the heavy fragment in te ra c t ions .  
For these events the opening angle energy estimate on the average under­
estimates the true energy by a fac to r  of  4 .7  ± 1.0 (where one event with  
extremely large fac to r  is excluded). This underestimate resu lts  because 
the emission angles of the fragments are much la rger  than predic ted by
1 ̂ Powell, ojj. ci t . , p. 608.
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the opening angle formula for  p a r t ic le s  of th is  energy. Since i t  
appears (from the composite angular d is t r ib u t io n s )  that most of the 
selected singly-charged p a r t ic le s  are true fragments, i t  seems reasonable 
to consider that  one or more of the assumptions used in der iv ing  the 
opening angle r e la t io n  may break down a t  these high energies. Rybicki 
has studied th is  problem for  in terac t ions  a t  250 Gev, and found that  
<0> = 65° ,  and <T> = 90°  Mev, where 0 is the emission angle and T the 
k in e t ic  energy of the fragments in the mirror  system. These values are 
c l e a r l y  d i f f e r e n t  from those expected in the usual evaporation where 
emission is iso trop ic  giving <0> *  90°, and <T> = 10 Mev. Using 
R yb ic k i '5 data the numerator of the opening angle formula becomes 0 .4  
for  protons. ( t  is pointed out by Rybicki that the simple evaporation  
is correc t  for  a pure fragmentation on a f ree  proton, and possibly  
v a l id  for  per iphera l  c o l l i s io n s ,  but there is no reason why such a 
simple p ic tu re  should hold fo r  c e n tra l  c o l l is io n s  where the e x c i ta t io n  
is large. At the mean energy of 4550 Gev for  th is  sample of in t e r ­
act ions ,  i t  is reasonable to assume that  even the per iphera l  c o l l is io n s  
produce a s u f f i c i e n t l y  v io le n t  e x c i ta t io n  of the struck nucleus that  a 
simple evaporation process cannot take place. I f  the opening angle 
energy estimate for  the nucleon fragments is ca lculated using the 
numbers suggested by Rybicki,  the fac to r  by which the energy determined 
from the opening angle underestimates the true energy is reduced to 
1.4 ± 0 . 3 .
Rybicki , oj>. ci t .
^3
V I I .  INELASTICITY
An estimate of the energy radia ted in charged p a r t ic le s  produced in 
an in te ra c t io n  can be obtained by making use of the exper im enta l ly -  
observed fact  that  the mean transverse momentum of  p a r t ic le s  produced 
in high energy c o l l i s io n s  is constant and approximately equal to 
u.4 Gev/c over a range of primary p a r t i c le  energy from 10 to 10^ Gev,*''*
independent of the type of p a r t i c l e  or i ts  emission angle. The energy
estimate E  ̂ is defined by the r e la t io n
r r r  0 .4
Ech J 1 . T h T e T  “  *  . e -  Cevi , ch t i , ch i
where 0 . is the emission angle of the i ^  charged p a r t i c le  in the 
laboratory system.
This parameter gives an est imate of the energy radia ted as charged 
p a r t ic le s  regardless of the nature of the c o l l id in g  p a r t ic le s  or the 
type of in te ra c t io n  they produce. This q u an t i ty  a lso has the advantage 
that  i t  is rather in sens i t ive  to the e f fe c ts  of secondary nuclear  
cascading, since the e f f e c t  of cascading is to replace the i t e r m  in 
the summation by a term
1*3̂D. H. Perkins, Progress i n Elementary P a r t ic le  and Cosmi c Ray 
Physics, Vol. V { In terscience Publishers In c . ,  New York, 19^0), p. 265.
*^D. H. Perkins, Proceedings of the In te rna t i  ona 1 Conference on 
Theore t ica l  Aspects of Very High-Energy Phenomena (CERN S c i e n t i f i c  
Information Service, Geneva, ISrol)'.
17M. Koshiba, Experimental program Regui rements for  a 300- 1000 
Gev Accelerator  (Brookhaven National Laboratory, I 9 6 I ) ,  p. 18.
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thwhere O. j  is the emission angle of the j  p a r t i c le  emitted in the 
in te ra c t io n  of the i p a r t i c l e .  The r a t io  of th is  term to the re­
placed term is the charged p a r t i c le  i n e l a s t i c i t y  of the secondary in t e r -
18ac t ion ,  and is on the average 0.35- Therefore unless a substant ia l
f r a c t io n  of the produced p a r t ic le s  undergo c o l l is io n s  inside the c o l l id in g
nuc le i ,  the t o t a l  summation w i l l  not be ser ious ly  a l te r e d .
Ec  ̂ a lso  appears to be r e l a t i v e l y  insens i t ive  to the method used
to determine the axis of the event. The r a t i o  of E , obtained forch
19events whose axis was determined by Method 1 to the value E' obtained
ch
f o r  the  same e ve n ts  when the  a x i s  was d e te rm ine d  by Method 2 is  on the  
average  1 .2  ± 0 . 2 .
The f r a c t io n  of energy emitted as produced charged p a r t ic le s  in 
the laboratory  system (the charged p a r t i c le  i n e l a s t i c i t y  was
computed for  the nucleon fragment in terac t ions  using the r e la t io n
kl S h
ch E
In c a lc u la t in g  E ^  the correc t ion  for  the presence of surv iv ing charged 
baryons among the shower p a r t ic le s  has been appl ied .  The value fo r  mean 
i n e l a s t i c i t y  obtained from th is  data is = 0.23 ± 0 .06. Assuming
that  the energy spectrum of the various components of the shower is the
l ft
C. L. Deney, R. L- F r i c k e n ,  R. W. H u g g e t t ,  B. H i ld e b r a n d ,  R. 
S i l b e r b e r g ,  M. Koshiba,  C- H. Tsao, and J. Lord ,  " A n a ly s is  o f  High  
Energy N u c lea r  I n t e r a c t i o n s  from the I n t e r n a t i o n a l  C o o p e ra t iv e  Emulsion  
F l i g h t , "  ( t o  be p u b l i s h e d  in  Nuovo c im e n to ) .
19A d e s c r i p t i o n  o f  the methods used f o r  d e t e r m in in g  the a x i s  o f  
an e v e n t  is  g iven  on p. 14.
4 5
the same, then the energy of each is proport ional  to the number of
on
p a r t ic le s  in that  component. Using the best experimental values
for  the r e la t i v e  numbers of each component, the to ta l  energy radia ted
in the c o l l i s io n  is ca lcu la ted  to be I .65 E and hence the t o ta lch
i n e l a s t i c i t y  K*" is equal to I .65 The t o ta l  i n e l a s t i c i t y  ( in  the
laboratory system) for nucleon-nucleus c o l l is io n s  a t  a mean energy of
4550 Gev is found to be <K*~> = O.38 ± 0 .10. This value of is con-
21s is te n t  with the value 0 .35 - 0-40 obtained by Peters for  a comparable
energy range. The d is t r ib u t io n  of is given in Fig. 9 .
Also given in Fig. 9 Is the d i s t r ib u t io n  of the mirror  system
Mcharged p a r t i c le  i n e l a s t i c i t y  K  ̂ which is approximately given by the 
22r e la t  ion
M _ fch  
ch Ec
L Mas w e l l  as a c o r re la t io n  p lo t  of K , vs. K . .  I t  is seen that  ther  ch ch
H Ld is t r ib u t io n  of K . is considerably broader than that of K . .  Thisch ' ch
e f f e c t  is probably due at  least in par t  to the large f lu c tu a t ions  of  
Ec wi th respect to E.
L MI t  has been pointed out that  Kc  ̂ and «c  ̂ are re la ted  to the
e f f e c t i v e  mass of the a c t u a l l y - c o l l i d i n g  incident and target  p a r t ic le s  
23resp ec t ive ly .
20M. Koshiba, Experimental Program Requi rements fo r  a 300- 1000 Gev 
Accelerator  (Brookhaven National Laboratory, I 96 I ) ,  p. 18.
21 B. Peters, 1962 In te rn a t i  ona1 Conference on Hi qh- Energy Phys i cs at  
CERN (CERN S c i e n t i f i c  information Service, Geneva, I 962) ,  p. 623-
22C. L. Oeney, R. L. Fr icken, and R. W. Huggett, "A Preliminary  
Analysis of the ICEF Data, '* (unpublished).
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THE DISTRIBUTION OF ic j j  and K *h
Mevents having I .65 K  ̂ >  1 might be a t t r ib u t e d  to c o l l is io n s  in which
the incident  p a r t i c l e  in terac ts  with  several nucleons of the target
nucleus. The concept of a nucleon in te ra c t in g  with a tube of  matter in
the target  nucleus has been considered f requent ly  in connection with  the
2 +̂- 26hydrodynamica1 theory of  high energy nucleon-nucleus in te ra c t ions .
An est imate of the average number of ta rget  nucleons p a r t ic ip a t in g  in
Man in te ra c t io n  can be obtained from the mean value of K . for  thosech
Mevents having 1.65 Kc  ̂ >  1. From six  singly-charged fragment in te r -
Mactions having I .65  Kc  ̂ > 1  i t  is found that on the average 3*1 target
nucleons p a r t ic ip a t e  in the c o l l i s i o n .  This is comparable to the resu lt
27obtained by Lohrmann e_t arl. who found that  3-^ nucleons p a r t ic ip a te  in 
the col 1i s i on.
In the d i s t r ib u t io n  of kK there are two events having I .65 kK >  1.ch 3 ch
Since the incident  p a r t ic le s  in these events are singly-charged these 
large values must be due to e i th e r  f lu c tu a t io n s  in the energy para­
meters or to the presence of deuterons and t r i to n s  among the s ing ly -  
charged p a r t ic le s .
S. Z. B e len 'k t i  and L. D. Landau, Suppl. Nuovo cimento 15 (1956).
^ S .  Z. B e le n 'k i i  and G. A. M i lek in ,  JETP 2£, 20 (1955) - 
26 I.  Rozenthal and 0. Tschernavski, F o r ts c h r i t te  der Physik 11 , 560
(1955).
^ E .  Lohrmann, M. W. Teucher and M. Schein, Phys. Rev. 122, 672 (1961).
1+8
I t  is a lso in te re s t in g  to invest igate  the d e ta i le d  s tructure  of
the d is t r ib u t io n s  of K*". and in the region I .65  K*". and 1.65 KM. <  1ch ch ch  ̂ ch
L Mrespect ive ly .  The presence of peaks in th is  region of the K  ̂ and 
d is t r ib u t io n s  might indicate  that  subparts o f  the nucleon were a c tu a l ly  
involved in the c o l l i s i o n  and gives an est imate of  th e i r  masses. However, 
due to the small number of events a v a i la b le  in th is  study one cannot 
draw any conclusions from the structure  of these d is t r ib u t io n s .
V I I I .  THE MEAN ENERGY OF PRODUCED PARTICLES IN THE 
CENTER OF MASS SYSTEM
The mean energy E' of produced charged p a r t ic le s  in the center of  
mass system of the c o l l id in g  nuclei was determined for  the s ing ly -  
charged fragment in terac t ions  using the r e la t io n
Eih
< \ '  1 ) r
where E1. and (n -  1) are q u a n t i t ie s  for  which a correct ion  to remove 
ch s
the surviv ing charged baryons has been appl ied.  The d i s t r ib u t io n  of
E' is given in Fig. 10. I t  is seen from the f igure  that  most of the
p a r t ic le s  are emitted with  an energy of about 0 .5  Gev. The mean value
of the energy is 1.0 t  0*3 Gev. This mean value is somewhat larger  than
28the value of  about 0 .5  Gev observed by Dobrotin over a wide energy range. 
I t  should be noted that th is  apparently  large mean value of E* is most
28 N. A. Dobrotin and S. A. S lavat insky, Proceedings of the Tenth 
Annual Conference on High Energy Physi cs a t  Rochester ( In tersc ience  
Publishers, In c . ,  New York] 1 36 0 ) ,  p. 819.
U9
FIGURE 10 
THE DISTRIBUTION OF E'
5 0
probably influenced by the few events on the t a i l  of the d i s t r ib u t io n  
since the peak of the d i s t r ib u t io n  is centered in the region of E1 ~
0 .5  Gev.
IX. MULTIPLICITY
The m u l t i p l i c i t y  n  ̂ of produced p a r t ic le s  in the in terac t ions  of 
the singly-charged fragments ( including the He —►He in terac t ions  
for which i t  is c e r ta in  that only a s ingle  nucleon in terac ted)  is given 
in Table | .  The data given in th is table includes a correc t ion  for  the 
presence of surviv ing charged baryons.
TABLE I.
MULTIPLICITY OF PRODUCED PARTICLES IN 
NUCLEON-NUCLEUS INTERACTIONS
N h - O , ! Nh < 5 Nh > 5 A H  Nh
Number of Events 6 15 13 28
Observed <n >  s 9 .0  ± 1 .7 14.4 + 2.1 22 .5  + 3 -7 18.0 ± 1.9
^  ^  A0- 1̂<n >  = n A s 0 9 .0  ± 1 .7 13-8 + 2 .6 21 .4  ± 4 .6 19.1 ± 1.5
The in terac t ions  of mult ip ly -charged fragments are not included in th is  
analys is  since in most of these events i t  appears that more than one 
nucleon of the incident p a r t i c l e  p a r t ic ip a te d  in the in te ra c t io n .  The 
values of n were obtained by applying the correc t ion  for  the presence 
of surv iv ing charged baryons as described previously  in Sec.X of Chapter I .
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I t  is noted from the tab le  tha t  as N. increases, <n >  increases ash s
a n t ic ip a te d ,  since the e f f e c t  of secondary cascading is expected to
increase for  these more complex c o l l i s io n s .  The increases in m u l t i p l i c i t y
with  is consistent  with the dependence predicted by the hydrodynamica1 
29theory for  nucleon-nucleus c o l l i s io n s ,  namely
. 0 . 19 n = n A s o
where n is the m u l t i p l i c i t y  for  nucleon-nucleon c o l l i s io n s .  The multi  - 
o r
p l i c i t i e s  predicted by th is  theory are given in Table I I I .  The group
of events having = 0,1 is expected to contain a large per cent of
nucleon-nucleon c o l l i s io n s ;  thus the mean m u l t i p l i c i t y  of th is  group of
events was taken as a f i r s t  approximation to nQ. For each group of
0. 19events the value of A was determined by taking an average over the 
most probable target  nuclei for  that  group, based on the composition of  
the emulsion and the geometrical cross sect ion of each const i tuen t .
For events having <  5 i t  was assumed that  the ta rget  nucleus was one 
of the l ig h t  emulsion nuc le i ,  namely, carbon, hydrogen, oxygen and nitrogen;  
for  those having >  5 i t  was assumed that the ta rget  was a heavy 
emulsion nucleus, namely, s i l v e r ,  bromine, iodine or s u l fu r .
Comparison of  the values of mean m u l t i p l i c i t y  obtained in th is  study
30with those quoted by Barkow e t  a l .  for  primary proton and neutron 
c o l l i s io n s  a t  3500 Gev shows that  the value obtained in th is  study is
^ S .  Z. B e le n 'k i i  and L. 0. Landau, Suppl. Nuovo cimento 15 (1956) .
^°A. G. Barkow, B. Chamany, D. M. Haskin, P. L. Jain, E. Lohrmann,
M. W. Teucher, and M. Schein, Phys. Rev. 122, 6 17 (19^1).
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consistent  w i th in  s t a t i s t i c a l  e rrors  with the value 15 ± 5 for  events 
having = 0 but somewhat lower than the value 20 ± 3 . 5  which those 
authors quote for  events having < 5 - I t  should be pointed out that  
no correct ion  for  the presence of surviv ing charged baryons was made 
in the work of Barkow <et al .̂ Also the value 9 .0  ± 1 .7  obtained in 
th is  study fo r  events having = 0 ,1  is consistent  with the value
o 1
8 .8  ± 1.9 obtained by Lohrmann e t  a_l_. for  nucleon-nucleon c o l l is io n s  
at  250 Gev. This may indicate  a constant or very slow dependence of  
<n^> on E such as a dependence on log E for  nucleon-nucleon c o l l i s io n s .
Table I I  summarizes determinat ions that  have been made of mean 
m u l t i p l i c i t y  in e i t h e r  nucleon-nucleon or nucleon-nucleus c o l l is io n s
at  various energies. The values of mean m u l t i p l i c i t y  in proton-ant i  proton
32in terac t ions  are included as are results obtained at  acce lera tor  
33-37energies.
5 |
E. Lohrmann, M. W. Teucher, and M. Schein, Phys. Rev. 122, 672 (1961).
32S. Goldhaber, G. Goldhaber, W. M. Powell, and R. S i lberberg ,  Phys.
Rev* i lJU 1525 (1961).
^ R .  M- Kalbach, J. J. Lord, and C. H. Tsao, Phys. Rev. 113, 33° (1959)*
3 /1
V. S. Barashenkov, V. A. Bel iakov, V. V. Glagolev, N. Dalkhazhav,
Y. T. Se, L. F. K i r i l l o v a ,  R. M. Lebedev, V. M. Matslev, P. K. Markov,
M. G. Shafranova, K. N. Tolstov, E. N. Tsyganov, and W. S. Feng, Nuclear 
Phys. 522 ( I9 6 0 ) .
35
A. B a r b a r o -G a l t ie r i , A. Manfredini ,  B- Quassiat i ,  C. Castagnoli,
A. G a in o t t i ,  and I .  O r t a l l i ,  Nuovo cimento 21, +̂67 (1961).
J. J. Lord, p r iv a te  communication.
•^L. F. Hansen and W. B. F r e t te r ,  Phys. Rev. 118, 812 ( i 960) .
TABLE | [
AVERAGE MULTIPLICITIES IN NUCLEON-NUCLEUS COLLISIONS 
AS A FUNCTION OF ENERGY
Energy
Number 
of events N  ̂ group
Ar i thmet i c 
mean of ns
Detector Reference
2.1  Gev i n pp- 
anni h i l a t i  ons 3000 2 .6  + 0 . 1 Carbon-BC 32
6 .2  Gev 42 Nh = 0 1.9 + 0.3 Emu Is i on 33
9 .0  Gev 66 Nh < 7 3 .0  + 0 .2 Emu Is ion 3^
27.0  Gev 87O N. <  It h 4 .8  + 0.1 Emu Is I on 35
30.0  Gev 23k Nh =• 1 ,2 4 .4  + 0 .2 Emu Is i on 36
1 1 6 + 2 0  Gev 41 4 .6  + 0 .2 Carbon-CC 37
167 + 23 Gev 25 N „ < 5 8 .8  + 1.0 Emu Is i on 31
300 Gev 56 8 .6  + 0 .4 LiH-CC 28
4300^2100 Gev 8 Nh = 0 1 5 + 5 Emu Is i on 30
4600 Gev 28 Nh < 5 14.4 + 1.7 Emu 1s i on This study
53
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Figure 11 indicates the re la t io n s h ip  of mean m u l t i p l i c i t y  to incident  
energy. The points p lo t ted  are from the data given in Table I I .  A
1/4dependence of ^ ns>  on E is not in disagreement with the data. Such a 
dependence of mean m u l t i p l i c i t y  on energy is predicted by the hydro-
dynamical theory of Landau^ and the s t a t i s t i c a l  theory of Fermi. ^
1 / 2An increase of mean m u l t i p l i c i t y  with  energy as rapid as E seems
1/4u n l ik e ly ;  but an increase slower than E cannot be excluded since
most of the points on Fig. 11 would be moved to lower values of <ns>
the points were representat ive  of nucleon-nucleon in te ra c t ions .  In
p a r t ic u la r  the data can be considered to be compatible with  a dependence
1+0 1+1on log E as predicted by the mult i  p e r iph era 1 model. *
X. TRANSVERSE MOMENTUM OF SINGLY-CHARGED FRAGMENTS
The transverse momentum of  the singly-charged nuclear fragments 
was ca lcu la ted  using the r e la t io n
Pt = ES
where 0 is the emission angle of the fragment in the laboratory system. 
Figure 12 presents the d i s t r ib u t io n  of p^ for these p a r t ic le s .  The mean 
transverse momentum for  these p a r t ic le s  is 0-7  ± 0 .2  Gev/c. This value
S. Z. B e le n 'k i i  and L. D. Landau, Suppl. Nuovo cimento 15 (1956).
^ E .  Fermi, Progr. Theoret.  Phys. (Kyoto) 57O (1950).
Amati, S. Fubini and A. Stranghe 11 i n i , Nuovo cimento 26, 898
(1963).
1+1Z. Koba and A. Krzywicki ,  "On the Multi  per iphera l  Model of 
P a r t ic le  Production in Superhigh Energy Nuclear C o l l i s io n s , "  ( to  be 
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THE DISTRIBUTION OF TRANSVERSE MOMENTUM 
OF THE SINGLY-CHARGED FRAGMENTS
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is consis tent  w i th  that  observed by Rybicki a t  250 Gev who found that  
Pt ** ° - 5  " 1*0 Gev/c for singly-charged fragments. The transverse  
momentum of the nucleon fragments thus appears to be s l i g h t l y  larger  than 
the value of 0 .4  ± 0.1 Gev/c which has been w e l l  established over
a wide energy range to apply to the produced p a r t ic le s .  Since the 
fragments and produced p a r t ic le s  re s u l t  from e n t i r e l y  d i f f e r e n t  processes, 
there is no reason why they should have the same mean transverse  
momentum.
4 p
D. H. Perki ns, Progress i n Elementary P a r t ic le  and Cosmic Ray 
Physics, Vol.  V ( In te rsc ience  Publishers, In c . ,  New York, 19^0), p. 265.
4-3
0. H. Perkins, Proceedings of  the In te rn a t io n a l  Conference on 
Th eore t ica l  Aspects of Very High-Energy Phenomena (CERN S c ie n t i f i c  
Information Service, Geneva, l§&lT*
M. Koshiba, Experimental Program for a 300- 1000 Gev Acce lera tor 
(Brookhaven National Laboratory, 19o l) ,  p- 1$*
CHAPTER I I I
CONCLUSIONS
In th is  study several propert ies  of the in terac t ions  of heavy 
primary nuclei and fragments having a mean energy per nucleon of 
*+600 Gev were discussed. The fo l lowing resu lts  were obtained:
(1) A lower l i m i t  of the percentage of  events in which the 
produced charged p a r t ic le s  are emitted asymmetrical ly forward and back­
ward in the center of mass system of the c o l l id in g  nuclei was determined 
to be 38 ± 8 per cent. A x te s t  revealed that the dev ia t ion  from 
symmetric emission was s t a t i s t i c a l l y  s ig n i f ic a n t .
(2) The mean energy of produced charged p a r t ic le s  in the center
of mass system was found to be 1.0 ± 0 .3  Gev.
(3 ) The center of mass system d i f f e r e n t i a l  angular d is t r ib u t io n  
of the produced charged p a r t ic le s  was shown to be of the type 
P(9)d0 «* (s in  e ) - 1dfl.
(*+) I t  was found that  the slope of in tegra l  angular d i s t r ib u t io n  of 
these p a r t ic le s  was 1.1 ± 0 .2 .  This re s u l t ,  in combination with the resu l t  
for  the energy spectrum of  such p a r t ic le s  obtained in the ICEF experiment, 
gives a confirmation of the constancy of mean transverse momentum. For 
i f  i t  is assumed that  p ^ o c 6^ ,  then these results  imply a = 0 .15  ± 0 . 20 .
(5) The mean transverse momentum of the singly-charged fragments 
was found to be 0 .7  + 0 .2  Gev/c as compared to the wel l  establ ished value
0.*+ *  0.1 Gev/c for  the produced p a r t ic le s .
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(6 ) I t  was found that  on the average the Castagnoli energy under­
estimates the true energy by a fac to r  of  2 .2  ± 0 .5  for  events having
Nh >  5 and overestimates the true energy by a fac tor  of 1.3 *  0 .2  for  
events wi th <  5 .
(7 ) The mean m u l t i p l i c i t y  of produced charged p a r t ic le s  in the
singly-charged fragment in terac t ions  was found to be 9 .0  ± 1 .7  for
events with  = 0, 1 and 1U.4 ± 2 . 1  fo r  events with <  5* The re su l t
for  = 0,1  events is the same as that found by Lohrmann a t  250 Gev
and indicates a constant or very slow v a r ia t io n  of <n >  with  incident' s
energy for  nucleon-nucleon c o l l i s io n s .  The re su l t  for  < 5 events,
together with  other resu lts  a t  lower energies indicates that  in
l/i+
nucleon-nucleus c o l l is io n s  is consistent w ith  the E dependence pre­
dicted by the s t a t i s t i c a l  and hydrodynamica1 theor ies and a lso  with the 
log E dependence predicted by the multi  per iphera l  model.
(8 ) The i n e l a s t i c i t y  <*K^> (the f ra c t io n  of the a v a i la b le  energy 
radiated as produced charged p a r t i c le s )  was found to be 0 .23  *  0 . 06, 
corresponding to a t o ta l  i n e l a s t i c i t y  of Q.38  ± 0 .10 .  This is consistent  
with  the re su l t  of Peters for a comparable energy range.
(9) A method was presented whereby i t  might be possible to determine
the e f f e c t i v e  mass of a subpart of the nucleon which a c t u a l ly  p a r t ic ip a te s
in the c o l l i s i o n  by in ve s t ig a t ion  the d e ta i le d  s tructure  of the and 
MK . d i s t r ib u t io n s .  Due to the small number of  events a v a i la b le  in th is  ch
study i t  did not seem possible to make such a d e ta i led  analys is  of  the 
data.
(10) F in a l ly ,  an attempt to est imate the energy of the heavy nuclei  
from the angular divergence of the fragments using the formula of Kaplon 
e t . a 1. For the singly-charged fragments i t  was found that  th is  method
60
of energy determination underestimated the previously  determined energy 
by a fa c to r  of  *+.7 *  1.0. This re s u l t ,  together with  a s im i la r  re su l t  
obtained by Rybicki a t  250 Gev, indicates that  a t  these high energies  
the singly-charged fragments are no longer produced by a simple evapora­
t ion process.
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APPENDIX A
PROPERTIES OF PRIMARY NUCLEUS AND FRAGMENT INTERACTIONS
Event E ac Ech E1c Eih Ech e b
No. 23
(8+26)C 2455000 167478 227710 7544 15798 -----
( 1+8 )? 72 35 — 35 010
(6+25)? 496 961 477 903 961 .019
(2+ l 6 )p 1409 418 1248 319 418 .033
(*♦+21 )p 5676 1981 6246 2639 1570 ~ .010
(20+48)p 19^ 745 • “ “ “ ™ " 745 - .0 1 0
No. 33
(O+34+Li -K*)C 1608 1346 1743 1608 944 -----
(6+40-ta)Li 12468 12619 10700 5167 4350 -----
(2+48 )at 3567 6752 4049 95*+1 4309 .014
( l+74a)a 30553 4950 24217 2223 708 .014
(1T+36)p 882 523 872 528 523 .092
( 1+ 16)? 9731 1050 7721 638 591 - .0 1 0
No. 43
(21+150+22)Mg 4046 20237 ------- 7107 —
(0+21 )a 39976 2708 56932 4248 1854 . 110
(1+I4)p 4214 1501 4244 1056 471 .304
(4+22)p 1336 1286 IO58 672 736 . 074
No. 60
( l + 12+a)a 10481 1750 15432 4960 1170 -----
(9+5l ) a 3849 4191 ----- — 2420 -----
(10+4l)p 246 505 422 1146 505 - .0 1 0
No. 348
(23+150+3a)H 676 56705 ----- 1372 -----
(2+35)a 2284 1739 1835 819 727 -----
(3 + l7 )a i 960 679 - - - — 302 .330
(7+18)p 903 439 — — 439 .406
(5+28 )p 1325 13*+1 1091 789 950 - .0 1 0
63
64
Event Ec Ech E'c Ech Ech 0
(6+ 12)p 427 142 142 . 122
(7+17)p 1161 825 1049 ‘♦75 290 .430
No. 1006
( 18+385) H 593 8097 — ----- 5335 -----
No. 1066
(2+l+H)H 70926000 7778 — ----- — -----
(24+179)0 13490 34775 — ----- 21970 -----
(7+20)p 13141 3638 12235 2707 2280 .051
No. 1099
(0+ 10+C)0 16637 1164 19057 924 350 -----
(1+54+33)0 26693 13475 22263 7172 7135 -----
(9+ 10)p 166 77 — — 77 .765
(8+ 12)p 1462 269 — — 269 . 147
(2+30 )n 4235 1943 4114 1376 1237
No. 1115
(3+5+H)H 2166 252 2563 241 252 -----
( l l+44+H)H 2335 2997 2422 3783 2997 -----
(0+3+H)H 10042000 5298 2747600 1582 5298 -----
(13+66+Li-Kx)H 11750 26392 10113 13177 2944 -----
( l+ 4 )a 309000 42132 ----- ----- 171 .585
(0+44)a 6134 10402 4039 1981 1385 • 390
(8+6 )p 4602 1022 2465 253 121 .213
(5+l7)p 1265 461 1239 368 263 .351
(0+3)p 11381 310 ----- ----- 310 .414
(2+7) P 1075 110 ----- ----- 110 . 116
(3+6)p 2335 282 ----- ----- 282 ■319
(9+40)p 1145 10223 1082 729 513 . 108
(3+24)p 964 898 916 859 612 .663
(14+15)p 129 263 96 132 263 .315
aA11 energies are in units  of Gev.
L.
A l l  angles are in units of mi 11 i ra d ia n s .
APPENDIX B
ENERGY ESTIMATES FOR PRIMARY HEAVY NUCLEI
Event E a Ea E'a
23 3715 _ •  » 63OO
33 3240 4320 1310
<+3 5 6 IO 5460 550
60 632O ----- -----
348 510 220 400
1006 590 ----- -----
1066 11900 ----- 2360
1099 21300 18200 270
1115 3480 1180 450
3A11 energies are in units  of Gev.
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